We studied the evolution of dealloying-induced strain along the {111} in a Ag-Au nano-crystal in situ, during formation of nanoporous gold at the initial stage of dealloying using Bragg coherent X-ray diffractive imaging. The strain magnitude with maximum probability in the crystal doubled in 10 s of dealloying. Although formation of nano-pores just began at the surface, the greatest strain is located 60-80 nm deep within the crystal. Dealloying induced a compressive strain in this region, indicating volume shrinkage occurred during pore formation. The crystal interior showed a small tensile strain, which can be explained by tensile stresses induced by the non-dealloyed region upon the dealloyed region during volume reduction. A surface strain relaxation developed, attributed to atomic rearrangement during dealloying. This clearer understanding of the role of strain in the initial stages of formation of nanoporous gold by dealloying can be exploited for development of new sensors, battery electrodes, and materials for catalysis. † Electronic supplementary information (ESI) available. See
Introduction
Nanoporous metals prepared by dealloying with a wide variety of metals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] have attracted great attention due to their extremely large surface-to-volume ratio which has led to numerous potential applications. 11, 12 Nanoporous gold, specifically, has been applied as an effective functional material for sensing, 13 actuation, 14 and enhanced Raman scattering, 15 and used as super-capacitors, 16 catalytic substrates, 17, 18 and anode substrates for Li-ion batteries. 19, 20 Dealloying involves selectively dissolving one or more less noble element(s) from an alloy system. The atoms of the more noble element dynamically rearrange during the dealloying and form a sponge-like 3D network. 21 It has been reported that the dealloying process may induce stress and strain which will critically impact the mechanical properties and have direct impact on the relevant applications e.g. surface stress-driven sensing 22 and catalysis. 23 Petegem et al. showed that in dealloying a polycrystalline Ag-Au sample, most grains develop in-plane compressive strain and therefore are under tensile stress. The strain can be gradually released during further dealloying due to simultaneous coarsening as they reported a −0.25 to −0.07% decrease of the strain within a 4 h dealloying process. 24 Schofield et al. reported that the dealloying of Ag-Au alloy to form nanoporous gold results in two interspersed strained regions: one in significant tension and the other in compression. They interpreted this by considering regions of high positive and negative curvatures on the gold surface. The decreasing curvature, with increasing pore size, due to coarsening results in a relaxation in lattice strain. 22 However, Weissmüller pointed out that, the volume averaged pressure, which would lead to a change in the lattice parameter, is independent of the curvature. It depends solely on the volume or surface area. 25 The evolution of dealloying-induced strain, particularly at the early stage of dealloying, remains unexplored. Studying the initiation of the dealloying-induced strain will provide further understanding of the strain evolution. However, the X-ray methods used previously are mostly bulk, average methods; investigating the initial dealloying-induced strain, which is local and heterogeneous, requires a spatially resolved technique.
We used coherent X-ray diffractive imaging in the Bragg geometry (BCDI) in this work to quantify the dealloyinginduced strain distribution in a partially dealloyed silver-gold nano-crystal, at its early dealloying stage. A unique capability of BCDI is its high sensitivity to strain in the crystal lattice. The image that is recovered from the measured diffraction patterns is typically complex, containing both magnitude and phase. The magnitude provides an image of the morphology while the phase provides an image of the displacement of the crystal lattice along the crystallographic orientation of the measured Bragg spot. [26] [27] [28] [29] The method has been applied to other systems where reaction induced strain play critical roles, such as cycling introduced strains in Li-ion batteries 30, 31 and hydrating phase transformation in hydrogen storage. 32 In this work, we applied BCDI to study the dealloying-induced strain evolution in Ag-Au nano-crystals. We converted the measured lattice displacement into a quantitative strain distribution map as a function of position within the Ag-Au nano-crystal. These maps were produced from images of the same nanocrystal both before and after a short time of dealloying in dilute nitric acid to study the early-dealloying stage.
Nano-crystalline samples were chosen for three reasons. First, one nano-crystal contains only one or few grains. This simple system avoids the issue of having multiple grains interact with one other and therefore complicate the observed strain. Secondly, the BCDI method can be best applied to an isolated crystalline object whose size is smaller than the size of the beam. Thirdly, nano-crystals of nanoporous metals have a larger specific area compared to bulk, foil or thin film. This is critical for many applications such as sensing and actuating.
Results

Ag-Au nano-crystal morphological evolution with dealloying
The morphology of the as-prepared Ag-Au nano-crystals is shown in the scanning electron microscope (SEM) image in Fig. 1(a) . Isolated Ag-Au crystals with sizes are 100-600 nm in diameter were made by a de-wetting fabrication process. The alloy composition of both the Ag-Au thin film and Ag-Au nano-crystals was confirmed to be identical to the Ag-30%Au target using energy-dispersive X-ray spectroscopy. Fig. 1 (b) and (c) show the initial dealloying of the Ag-Au nano-crystals at 5 and 10 s, respectively. Notice that the dealloying appears to start at the defects on the surface, i.e. the grain boundaries of the nano-crystals as seen in the 5 and 10 s of dealloying. After ∼30 s of dealloying, a nanoporous Au nanocrystal was formed, as shown in Fig. 1(d) . . The diffraction pattern measured before dealloying was asymmetric. This indicates that some pre-existing strain was already present within the nano-crystal before dealloying. After 10 s of dealloying, speckles appeared in the coherent X-ray diffraction pattern, indicating the change in structure and strain due to dealloying. The electron density and lattice displacement of the structure can then be reconstructed from these diffraction patterns via a phase retrieval algorithm.
Evolution of X-ray coherent diffraction patterns in dealloying Ag-Au nanocrystals
Evolution of morphology and lattice displacement in dealloying Ag-Au nano-crystals
The surfaces of the magnitude of the reconstructed complex amplitude (showing the electron density distribution) of the Ag-Au nano-crystal before and after dealloying are shown in Fig. 3(a and b) . The direction of the incident X-ray beam is marked by k i , and the direction of the diffracted X-ray is marked by k f ; Q is the momentum transfer, k f -k i . As expected, these two images are qualitatively similar because the dealloyed Ag-Au is at a very early stage of dealloying and the initial pore size is below the resolution of the measurement.
Notice that there are two flat surfaces which are determined to be internal grain boundaries [marked as GB in Fig. 3 , indicated by brown lines in Fig. 3 (a)] for two reasons. Firstly, the flat shape of these two surfaces shows that these are not external surfaces, which would show a curvature as a result of dewetting [as marked "Surf" in Fig. 3(a) ]. The crystal as shown in the figure therefore contains both exposed surfaces and interfaces to others grains. Secondly, this view can be supported by the analysis of the dealloying-induced strain presented at later sections. The strain evolution in the dealloyed crystal indicates that these two flat surfaces were not exposed to the nitric acid. Because the internal grain boundaries were embedded within the particle, they behave differently than the exposed surface as discussed in the later sections.
The location of the surface (Surf ) and substrate [Sub, indicated by blue lines in Fig. 3 (a)] are marked in the figure with the vertical (V) and horizontal (H) cross-sectional planes indicated. The phase, displacement field and strain are shown at these planes. Note that due to the twin image problem, the top and bottom of the sample cannot be determined solely from the reconstruction. However, the surface and substrate were determined based on the morphology and knowledge about the sample from the SEM images.
The short dealloying process is seen to induce a lattice displacement resulting in a phase structure in the image. The relationship between the phase (ϕ), k i , k f , Q and the lattice displacement field u(x,y,z) can be written as: 28
Notice that the measurement is only sensitive to the lattice displacement projected onto Q, which is (111) in this work.
The phase (ϕ) can therefore be directly converted into the lattice displacement along (111) (u 111 ) using the following equation:
u 111 is directly proportional to ϕ. Fig. 4 can thus also be viewed as a map of u 111 , before and after dealloying. The Q vectors marked in the figure are the projections of Q onto V and H plane.
Evolution of strain in dealloying Ag-Au nano-crystals
Here, u 111 (x,y,z) is the accumulated lattice displacement relatively to the center of the crystal. The strain resulted from this lattice displacement is the change in displacement per length unit @l l . The gradient of u 111 , Γ(x,y,z), with respect to the lab coordinate (x,y,z), represents the relative distortion of the lattice caused by this lattice displacement:
Although we measured u 111 , the lattice distortion along (111), the direction of the resulting relative distortion of the lattice is not necessarily along (111). For a location r = (x,y,z), Γ(r) can point towards any direction, depending on the lattice distortion of the neighboring atoms.
A full strain tensor (including compressive/tensile components and shear components) can be computed if BCDI were measured for three orthogonal directions. 27 . Here, a magnitude of the strain with contribution from mixed components was calculated to illustrate the amount of lattice distortion fraction as a result of the lattice displacement.
The relative distortion (as a result of the [111] lattice displacement) before dealloying had a maximum probability value at strain = 0.05% and mean of 0.10%. After 10 s of dealloying, the crystal developed a relative distortion of 0.10% of maximum probability, with a mean of 0.15%. The strain with maximum probability increased by factor of 2 and the mean strain increased by 50%. Note that prior to dealloying, some residual strains were observed on the surface of the crystal and also near the substrate, likely due to the geometry of the sample and the substrate constraint, respectively. These residual strain remains even after the iso-thermal heat treatment (500°C, 6 h), part of the precursor preparation process of dewetting. These present strains and effects (from geometry and substrate) may affect the evolution of the dealloying inducedstrain. Some of the significant surface strain was relieved later during dealloying. Nevertheless, the induced-strain from dealloying was observed at a deeper region, beyond the surface and substrate regions observed with high initial strain.
The greatest strain region is found near the corner of the crystal after dealloying, where the dealloying front propagated faster. 33 At 10 s of dealloying, only the Ag atoms at the surface developed pores, as shown in Fig. 1 . However, the region with dealloying induced strain is as deep as 60-80 nm, as shown in the inset of Fig. 5 with circled white dotted lines. This indicates the dealloying affected the structure at this depth within 10 s. We have reported previously in dealloying a Ag-30 at%Au cylindrical sample (∼16 μm in diameter), the dealloying front physically propagates at a velocity of 16 nm s −1 . This dealloying rate might vary due to the sample geometry.
Besides the corner of the crystal, large strain (0.2-0.5%) was also induced in the region near the substrate regions after 10 s of dealloying. A possible explanation is that, atomic rearrangement and volume shrinkage which occur during the dealloying, and due to the constraint by the substrate, a higher strain was seen at the nearby region.
To investigate the direction of the strain (tensile or compressive) induced by dealloying, we need to discuss how to convert the direction of Γ(r) to the direction of the strain. The reconstructed u 111 from the measurement is the lattice displace-ment u projected on Q: u 111 = |Q|cos θ, where θ is the angle between u and Q. Q therefore defines the positive direction of u.
The direction of Γ(r) indicates the greatest rate of increase of the lattice displacement. At a specific location r 1 within the Ag-Au crystal, Γ(r 1 )·Q > 0 indicates a tensile strain because for atoms at r 1 , the u 111 of the surrounding atoms increases. On the contrary, Γ(r 1 )·Q < 0 indicates a compressive strain because for atoms at r 1 , the u 111 of the surrounding atoms decrease. An illustration of this concept can be found in ESI 2. † We can therefore determine the sign of the strain as a function of the position r within the sample, based on the sign of Γ(r)·Q. Fig. 6 shows the probability distribution vs. strain for both dealloying and after dealloying. The general trend of the increase in both tensile and compressive strains, due to dealloying, still remains. After dealloying, the compressive strain with the maximum probability increased by factor of 1.8 and Fig. 3 ). The white dotted line indicates the region where greater strain was developed from dealloying. Fig. 6 Probability distribution of the compressive and tensile strain along [111], before and after dealloying. T/C is the ratio between the total probabilities of tensile strain vs. total probabilities of compressive strain.
the tensile strain with the maximum probability increased by factor of 2.25. However, the total probabilities of tensile strain vs. total probabilities of compressive strain (T/C) decreased from 0.97 to 0.90. The absolute mean compressive strain increased by 70% from −0.09% to −0.15%, while the mean tensile strain only increased by 25%, from 0.12% to 0.15%. Fig. 7 shows the strain induced by lattice displacement along (111) before and after dealloying within the Ag-Au crystal. The V and H planes are marked as in Fig. 3 .
Before dealloying, the surface of the crystal possessed complex strain patterns mixed with tensile and compressive strains, residual from sample preparation process. The region just below the surface, up to ∼20 nm in depth experienced slight tensile strain, likely due to surface tension, while the most part of the interior of the crystal experienced compressive strain. After 10 s dealloying, the crystal developed a region with compressive strain in the outmost region of the crystal where the dealloying occurred. Note that few boundary pixels (the outmost 2-3 pixels) may contain support errors as the values of the strain wrapping from −0.5 to 0.5 may not be physically plausible. Notice that the region next to the grain boundaries did not show the compressive strain as other surface regions, because they were embedded within the particle and were not exposed to the nitric acid; this is an evidence that these flat surfaces are indeed grain boundaries as pointed out previously. The adjacent grains would have different crystal orientations and therefore cannot be measured in the same set of Bragg peak measurement. Near the grain boundaries, a complicated strain distribution was observed, which can be attributed to the defects and mor-phology of the grain boundaries. Significant (0.25-0.5%) amount of tensile strain was observed locally around both grain boundaries, along with compressive strain observed on fewer local regions. On the contrary, the interior part of the crystal shows a less amount of tensile strain after dealloying in comparison to the grain boundaries and the distribution is also more uniform. The mixed tensile and compressive surface strains were largely relaxed. High resolution transmission electron microscopy 23 showed that atomic steps and kinks are present on the surface of nanoporous gold after dealloying. While significant out-of-plane strain along {111} was observed at the very few surface atomic layer, these surface rearrangements from dealloying may contribute to overall relaxation of the surface.
The dealloyed region shows a compressive strain, which indicates a tendency to reduce the volume during dealloying. Macroscopic volume shrinkage was reported for nanoporous gold after a complete dealloying of other Ag-Au alloy with a higher silver contents (75-80%). 34, 35 Although macroscopic volume shrinkage has not been reported for this alloy composition (Ag-30 at%Au), the Ag dissolution which resulted in pores within the structure may still cause instability of the Au network, leading to compressive strain. Notice that the interior part of the particle shows small tensile strain likely due to the volume reduction in dealloyed regions, which "pulled" the interior part of the crystal during its shrinkage. In some dealloyed region, tensile strain was observed. These tensile strained regions tend to be near the convex surface.
Conclusion
We studied the morphology and internal lattice strain of a Ag-Au nano-crystal before and after the first 10 s of nanoporous Au formation by dealloying using X-ray Bragg coherent diffractive imaging. At this initial dealloying stage, the strain with maximum probability increased by factor of two and the mean strain increased by more than 50%. The most highly strained regions occurred 60-80 nm beneath the surface, deep within the dealloyed volume. The direction of the dealloying-strain is compressive for the dealloyed region but tensile within the crystal. Our findings are consistent with Petegem et al. 24 and Schofield et al. 22 who also observe that the dealloying induced both tensile and compressive strain at a later stage of dealloying (5 min-4 h). However, we have observed this dealloying induced strain at a much earlier stage of dealloying (10 s) and clearly identify the nanoscale spatial distribution of the strain. The compressive strain developed in the dealloyed region can be understood as the volume reduction during delloying, which also leads to the slight tensile strain in the interior Ag-Au crystal. It cannot be observed on a macroscopic level because this increase in strain is small (0.5%), compared to the dealloying-induced strain in an alloy with higher silver content (75 or 80 at% of silver).
In summary, five types of strain evolution were observed: (1) dealloying induced a compressive strain at the dealloyed region, corresponding to the volume shrinkage occurred during pore formation, (2) tensile stresses induced by the nondealloyed region upon the dealloyed region during volume reduction, (3) a surface strain relaxation attributed to atomic rearrangement during dealloying, (4) near the substrate, the crystal atomic rearrangement was constrained and therefore a higher strain was observed, and (5) near the grain boundaries (internal interfaces embedded within the crystal) different strain evolution in the adjacent regions was observed in comparison to the free surfaces; highly local tensile and compressive strains were observed locally due to the complex defects and morphology in grain boundaries.
This clearer understanding of the role of lattice strain in the initial stages of formation of nanoporous gold by dealloying can be exploited for development of materials with novel properties. In the future, high resolution elemental mapping may be combined with strain mapping to provide further understanding in correlating the dealloying progress and the strain evolution. The ability to engineer precisely controlled strain profiles as well as porosity in nanoporous metals may find broad applications in new sensors, battery electrodes, and materials for catalysis.
Methods
Ag-Au nano-crystal fabrication
A thin film de-wetting method was used to fabricate the Ag-Au nano-crystals with the parameters tailored for Ag-Au alloy. 26 A Si wafer was cut into 5 by 5 mm 2 squares to serve as a substrate for the nano-crystals. Ag-30 at%Au alloy was prepared by arc melting of the pure elements (Kurt J. Lesker, 99.99%) under an argon environment. The ingot was then cold-rolled into a foil of about 200 μm thick and used as a target in the sputter deposition system. In the sputter system a plasma discharges around the target to deposit the metal onto a substrate. A 60 nm thick Ag-30%Au thin film was deposited on the Si wafer. The film was then heated to 500°C in an argon environment for 6 hours to de-wet the film and form nano-crystals. The thin film sample was contained in a ceramic crucible covered with a lid. Silver particles (about 2-4 mm in diameter) were placed next to the sample to increase the local vapor pressure and prevent silver evaporation. The composition of the Ag-Au crystals was confirmed by energy-dispersive X-ray spectroscopy measurements, showing approximately 30-35 at % of Au. This is below the parting limit and allows dealloying process to create nanoporous structure. A dealloying test was conducted by submerging the Ag-Au crystals in 10.9 M nitric acid (75 vol% of commercial nitric acid, 68%-70% assay, in de-ionized water) for various times (5, 10, and 30 s respectively) at the room temperature (25°C). This was done to ensure the successful formation of nanoporous gold from these nanocrystals and calibrate our acid exposure times. 10 s of dealloying time was determined to be an appropriate condition for the coherent X-ray diffraction imaging experiment.
BCDI experiment
The experimental setup is shown in Fig. 2(A) . An incident X-ray beam (9 keV) was focused to approximately 1.5 µm × 1.7 µm onto the sample at ∼5°. This resulted in the beam size of about 20.7 μm (perpendicular to the beam direction) by 1.7 μm (parallel to the beam direction) on the sample. A CCD detector was positioned at the (111) 2theta Bragg angle to record the coherent diffraction pattern around such a Bragg spot. The sample position was scanned until a Bragg spot from one crystal was centered on the CCD detector. By rotating the sample through ±0.5°with 0.02°in step, the full 3D coherent diffraction pattern of the sample was measured (total 51 frames). The number of slices through the 3D diffraction pattern, given by the number of angles measured, was determined such that the diffraction pattern was sampled at greater than its Nyquist frequency. 36 The same scan was repeated 3 times to increase the statistics.
Dealloying was performed ex situ by dropping nitric acid (10.9 M, 75 vol% of commercial nitric acid, 68%-70% assay, in de-ionized water; same as used in the test) directly on the sample while still in place on the diffractometer. The Ag-Au nano-crystal was dealloyed for 10 s at the room temperature and then rinsed thoroughly with de-ionized water. BCDI measurement was performed again on the partially dealloyed Ag-Au crystal. Because the sample position remained relatively untouched, the exact same crystal measured before, could be measured after being dealloying. By rotating the sample through ±0.6°with 0.02°steps, the full 3D coherent diffraction pattern of the partially dealloyed Ag-Au crystal was measured (total 61 frames). The same scan was repeated 8 times to increase the statistics. A greater number of scans was required for the dealloyed sample due to the nature of a more diffuse pattern after partial dealloying.
Data processing and phase retrieval reconstruction
The coherent X-ray diffraction data were further binned. Each of the measured BCDI patternsbefore and after dealloyingwas aligned by maximizing the correlation coefficient as a function of shifting one pattern relative to another. The aligned BCDI patterns were then summed.
3D complex density functions ρ(r) were recovered from the summed BCDI patterns using an ierative phase retrieval algorithm. 36 The recovered amplitude and phase of ρ(r) correspond to the electron density and lattice displacement field of the sample, respectively. The phase retrieval algorithm was applied identically to each dataset collected before and after dealloying, as described below.
A preliminary reconstruction, later used as a real-space support, was generated by reconstructing an image from the data taken before dealloying using 40 iterations of the Error Reduction algorithm (ER), then 100 iterations of the Hybrid Input Output algorithm (HIO) with a phase constraint in real space, followed by another 80 iterations of ER. 37 A shrink-wrap algorithm 37 was then applied to the reconstruction (implemented with 80 iterations of HIO then 20 iterations of ER between each update of the support), until the change in support between cycles is less than 5%. After shrink-wrap, another 100 iterations of HIO and 80 iterations ER were performed. To use the amplitude of this preliminary reconstruction as the real-space support for further refined reconstructions, it was then thresholded to remove the low intensity noise (<1% of the maximum intensity), smoothed using 3 iterations of averaging neighboring 2 × 2 × 2 voxels, and then blurred with a sigma 0.35 Gaussian blurring algorithm. This blurred amplitude was then made binary at the 1% level once again and used as a real-space support, for both data sets obtained before and after dealloying. For the final reconstruction, 40 iterations of ER, 100 iterations of HIO and then 80 iterations of ER were performed to reconstruct images in both cases. Five separate images were obtained from each data set, each time initializing the phasing algorithm with randomreal numbers filling the support described earlier. The χ 2 vs. number of iterations can be found in ESI 1. † The amplitude and phase from the five reconstructed complex function were averaged separately to obtain the final images for further analysis.
The amplitude represents the electron density of the nanocrystal. A simple threshold segmentation at a value of about 10% of the maximum, was applied to the final image amplitude. A triangulated surface approximation was performed to visualize the morphology of the Ag-Au nanocrystal before and after dealloying.
The phasing algorithm might reconstruct the 'twin' image of the real objection because the intensity of the BCDI pattern measured at +Q is the same at −Q. A twin image is a spatially inverted object whose density is complex conjugated of the real object [ρ × (−r)]. 38 However, we can determine if the reconstructed image is the twin image by comparing the crystal shape and orientation with the SEM image for the curve surface is the surface upwards.
